The synthesis of large-size graphene materials is still a central focus of research into additional potential applications in various areas. In this study, large-size graphene platelets were successfully produced by pulsed discharge of loose graphite strips with a dimension of 2 mm × 0.5 mm × 80 mm in distilled water. The graphite strips were made by pressing and cutting well-oriented expanded graphite paper. The recovered samples were characterized by various techniques, including TEM, SEM, optical microscopy (OM), atomic force microscopy (AFM), XRD and Raman spectroscopy. Highly crystalline graphene platelets with a lateral dimension of 100-200 µm were identified. The high yield of recovered graphene platelets is in a range of 90-95%. The results also indicate that increasing charging voltage improves the yield of graphene platelets and decreases the number of graphitic layers in produced graphene platelets. The formation mechanism of graphene platelets was discussed. This study provides a one-step cost-effective route to prepare highly crystalline graphene platelets with a sub-millimeter lateral size. Nanomaterials 2019, 9, 1785 2 of 11 with a large size increases the hydrogen storage of Mg/graphene nanocomposite by bridging Mg nanoparticles. Xu et al. [29] also employed the graphene at a size of 50 µm-1 mm grown on Ni film substrate to improve the light transmittance in the mid-infrared (MIR) bandwidth of HgCdTe infrared detector with low cost. Additionally, Zhang et al. [31] synthesized large area uniform graphene film consisting of 1-30 µm graphene platelets to replace indium tin oxide (ITO) as flexible, transparent conductive film.
Introduction
Graphene, firstly synthesized by Noveselov et al. [1] in 2004, has been proved as a wonderful future material with plenty of applications [2] [3] [4] [5] [6] [7] [8] . As a typical two-dimensional material, its particular atom-thick graphitic layer structure consisting of carbon atoms packed into a honeycomb lattice possesses various unique properties compared with other carbon nanomaterials [9] , including outstanding thermal transport property [10, 11] , superconductivity [12, 13] , mechanical properties [5, 6, 14] , optical properties [15, 16] , electronic properties [1, 4, 17] , etc. A great deal of research has suggested multiple applications of graphene in areas such as field effect transistors [1, 18] , sensors [19, 20] , metal-free electrodes [21, 22] , energy storage [23] , biomedical applications [24] , etc. In addition, the applications of graphene materials also depend on their specific morphology [4, 23] , lateral dimension [25] [26] [27] , and quality [25, 27] . In much of the research conducted on graphene, one central focus is to synthesize large-size graphene materials for a higher potential application in the areas of electronics, solar energy devices, and mechanical structures [28] [29] [30] . For example, Ruse et al. [25] demonstrated that graphene
Materials and Methods

Sample Prepararion
To recover the as-prepared samples, a cylindrical stainless steel explosion chamber ( Figure 1a) with an inner diameter of 200 mm and a depth of 300 mm was designed. The chamber consists of a lid and a cylindrical container. Two copper electrodes wrapped with insulation blocks were installed with the lid and connected to a capacitor with a capacitance of 12.5 µF. The capacitor connected to electrodes could be charged by a power supply to certain voltages (0-40 kV) to control the stored energy. The discharge process was controlled by an air switch in the discharge circuit. Expanded graphite paper was pressed and cut to obtain graphite strips with a dimension of 2 mm × 0.5 mm × 80 mm and a mass of 0.113 g (Figure 1b ). The graphite strip was fixed to the two copper electrodes for pulsed discharge. Then 5 L distilled water was poured into the chamber to immerse the graphite strip. After pulsed discharge, the black aqueous mixture ( Figure 1c ) was collected in a glass bottle, then dried to remove all the water for further characterization. Nanomaterials 2012, 9, x FOR PEER REVIEW  3 of 12 To recover the as-prepared samples, a cylindrical stainless steel explosion chamber ( Figure 1a ) with an inner diameter of 200 mm and a depth of 300 mm was designed. The chamber consists of a lid and a cylindrical container. Two copper electrodes wrapped with insulation blocks were installed with the lid and connected to a capacitor with a capacitance of 12.5 μF. The capacitor connected to electrodes could be charged by a power supply to certain voltages (0-40 kV) to control the stored energy. The discharge process was controlled by an air switch in the discharge circuit. Expanded graphite paper was pressed and cut to obtain graphite strips with a dimension of 2 mm × 0.5 mm × 80 mm and a mass of 0.113 g (Figure 1b ). The graphite strip was fixed to the two copper electrodes for pulsed discharge. Then 5 L distilled water was poured into the chamber to immerse the graphite strip. After pulsed discharge, the black aqueous mixture ( Figure 1c ) was collected in a glass bottle, then dried to remove all the water for further characterization. 
Characterizations
The morphology and microstructure of as-prepared samples were examined by optical microscopy (OM, Nikon LM 2), and analyzed by field emission scanning electron microscopy (SEM, JEOL JSM 6510A) and high resolution transmission electron microscopy (HRTEM, FEI Tecnai G 2 F20 S-Twin). Raman spectra of the raw graphite strip and recovered samples were recorded on a LabRAM Aramis Raman spectrometer with a He-Ne laser at an excitation wavelength of 633 nm. The corresponding XRD patterns were recorded on an X-ray diffractometer (XRD) (Rigaku Ultima IV multipurpose XRD system) with Cu Kα radiation (λ = 0.15406 nm) at a step size of 0.05° (2θ) and a step scan time of 1.0 s. The sample suspensions were dropped on a Si plate and dried at room temperature for optical microscopic, SEM and Raman spectroscopic analysis. The sample suspensions were also dropped and dried on a copper mesh grid for TEM analysis. The atomic force microscopy (AFM) analysis was taken by MFP-3D Infinity AFM.
Results
The experimental conditions of pulsed discharge of graphite strips are listed in Table 1 , including the charging voltage and the energy stored in the capacitor. Three charging voltages (20, 30 , and 40 kV) were selected for pulsed discharge experiments. Moreover, the graphene yields for these experiments are calculated by measuring the mass of the recovered graphene and initial graphite strip. The yield results are listed in Table 1 . 
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The above intensity ratio values of the raw graphite strip and the recovered samples are listed in Table 1 . The I2D/IG values of the recovered samples were 0.70-1.03, much larger than that of the raw graphite strip (0.29), indicating that the recovered samples were few-layer graphene [54, 56] . Moreover, when the charging voltage was increased from 20 kV to 30 kV and 40 kV, the I2D/IG value increased from 0.70 to 0.91 and 1.03 accordingly, indicating that increasing the charging voltage can decrease the number of graphitic layers of produced graphene. Additionally, the 2D band position also revealed the thickness of the graphene materials [64] . In Figure 5b , as the charging voltage was increased from 20 kV to 40 kV, a slight redshift of the 2D band from 2673 cm −1 to 2662 cm −1 was observed, revealing that the graphitic layers in FLGPs are less when the charging voltage is higher. The results of the influence of charging voltage on graphene layers is in good agreement with the TEM results. In addition, all the ID/IG values of recovered samples are in a range of 0.15-0.20 similar to that of the raw graphite strip (0.17), suggesting that the disorder degree of the recovered samples Figure 5b shows the Raman spectra of the raw graphite strip and recovered samples, providing a quick and simple structural and quality characterization of above carbon materials. Four typical Raman bands of carbon materials are observed in Figure 5b , including D band (1332 cm −1 ), G band (1581 cm −1 ), D' band (1617 cm −1 , as shown in inset of Figure 5b ), and 2D band (in a range of 2662-2688 cm −1 ). The 2D band has been widely used to distinguish mono-layer graphene and few-layer graphene from graphite [60, 61] . A higher value of I 2D /I G indicates less graphitic layers [54, 56] in produced FLGPs. The I D /I G value is used to characterize the disorder degree of the graphitic layers [61, 62] . The I D /I D' reveals the disorder type of graphene [63] .
The above intensity ratio values of the raw graphite strip and the recovered samples are listed in Table 1 . The I 2D /I G values of the recovered samples were 0.70-1.03, much larger than that of the raw graphite strip (0.29), indicating that the recovered samples were few-layer graphene [54, 56] . Moreover, when the charging voltage was increased from 20 kV to 30 kV and 40 kV, the I 2D /I G value increased from 0.70 to 0.91 and 1.03 accordingly, indicating that increasing the charging voltage can decrease the number of graphitic layers of produced graphene. Additionally, the 2D band position also revealed the thickness of the graphene materials [64] . In Figure 5b , as the charging voltage was increased from 20 kV to 40 kV, a slight redshift of the 2D band from 2673 cm −1 to 2662 cm −1 was observed, revealing that the graphitic layers in FLGPs are less when the charging voltage is higher. The results of the influence of charging voltage on graphene layers is in good agreement with the TEM results. In addition, all the I D /I G values of recovered samples are in a range of 0.15-0.20 similar to that of the raw graphite strip (0.17), suggesting that the disorder degree of the recovered samples and the raw graphite strip are nearly the same. Thus, the pulsed discharge process in our experiments can hardly generate structural defects. Furthermore, the above I D /I G values are also smaller than those of graphene produced by arc discharge method (ca. 1.0) [65] , oxidation reduction method (ca. 1.0) [37, 66, 67] , and electrochemical exfoliation method (ca. 0.42) [68] , showing higher crystallinity of FLGPs produced by pulsed discharge. The I D /I D' values of the recovered samples were in the range of 2.88-3.69, close to 3.5, suggesting that the main disorder in the raw material and formed FLGPs is boundary-like disorder [63] . It also indicates that the action of pulsed discharge can barely lead to the vacancy defects, in which the I D /I D' is close to 7 [63] . Raman results are in good agreement with those of TEM and XRD analysis.
The yields of produced FLGPs under different conditions are listed in Table 1 , demonstrating a high yield of 90-95%, which is much higher than those of many other methods, such as pulsed discharge of graphite sticks (40-50%) [35] , arc-discharge method (10-20%) [65] , liquid phase exfoliation (7-51%) [69] , several mechanical exfoliation methods [33] , etc. The yield results also indicate that the increase of charging voltage from 20 kV to 30 kV and 40 kV improves the yield of produced FLGPs from 90% to 92% and 95%, respectively.
Discussion
Based on the above characterization results, we propose the mechanism regarding the formation of FLGPs using pulsed discharge (as shown in Figure 6 ) which is similar to those of pulsed discharge of graphite sticks and thermal exfoliation method. During the joule-heating process of pulsed discharge, the rapid energy input leads to an environment of high temperature and high internal pressure. Under the action of high temperature and high internal pressure, the graphitic layers in well-oriented graphite strips overcome the constraints of Van der Waals force and π-π interaction, and are exfoliated easily to form FLGPs. After exfoliation, the formed FLGPs are separated in the distilled water medium due to the rapid expansion during explosion process, which prevents the stacking and agglomeration of formed FLGPs from Van der Waals force. Thus, the FLGP suspension is obtained.
However, note that the graphite strip in these experiments is a well-oriented graphite material, in which the lateral dimension of graphitic layers is in sub-millimeter scale, rather than the graphite stick consisting of micro graphite particles with randomly-distributed orientation. Since the expansion direction of graphitic layers is approximately along the z-axis of graphite crystallites and vertical to the surface of graphite strips, the expansion of well-oriented graphite crystallites can be rarely inhibited by the expansion of adjacent crystallites. Consequently, the exfoliation efficiency of graphite strips is high. Moreover, the density of the graphite strip is approximately 1.4 g/cm 3 , lower than the theoretical density of graphite (2.26 g/cm 3 ) and the density of the graphite stick (1.9 g/cm 3 ) in Ref 35, implying a loose structure and high porosity of graphite strip. During pulsed discharge, under the sharp increase of temperature and pressure, the gas molecules in this loose material expand rapidly to exfoliate graphitic layers. Thus, both good orientation and the gas in the loose structure are conducive to the exfoliation under high temperature and high internal pressure, leading to a higher exfoliation efficiency of the graphite strip and a higher yield (90-95%) of FLGPs.
The energy input during pulsed discharge is controlled to only cause the rapid thermal expansion effect to exfoliate graphitic layers without destroying the atomic structure of the graphitic layers, therefore the high crystallinity and large dimension of the original graphite crystallites in the graphite strips results in the high crystallinity and large lateral dimension (100-200 µm) of the exfoliated FLGPs after pulsed discharge. In addition, a higher charging voltage increases the energy input during pulsed discharge, resulting in a higher temperature and internal pressure. Consequently, when the charging voltage is increased, the exfoliation efficiency is also increased to generate a slightly higher yield of FLGPs with less graphitic layers. 
Conclusions
This study demonstrates an efficient, cost-effective and environmentally friendly route to produce highly crystalline large-size FLGPs in distilled water at room temperature.
The highly crystalline FLGPs with a lateral dimension of 100-200 μm were produced successfully with a high yield of 90-95%. The mechanism of graphene production is supposed to be the exfoliation of graphitic layers from a graphite strip under the action of joule heating induced by pulsed discharge. Two factors, charging voltage and the loose structure of the graphite strip, are critical to the exfoliation of graphitic layers and the exfoliation efficiency. As the increase of charging voltage from 20 to 40 kV, the yield of FLGPs is slightly increased with less graphitic layers owing to the higher exfoliation efficiency induced by higher internal pressure.
Additionally, the main cost of this experiment is the graphite strips cut from graphite paper with a cost of $22.8 per kilogram (product from Jinglong Special Carbon Co., Ltd., Beijing, China), implying the great economical advantage of the synthetic route compared with the price of commercial graphene (e.g., graphene from Sigma-Aldrich, St. Louis, MO, USA ($1191.1 per kilogram), etc.). Moreover, the experiments were carried out using graphite strips in distilled water without any other chemical agents, indicating that this route is environmentally friendly. Considering the high yield of this route and the large lateral dimension of produced graphene, this route could have a high potential in the areas of electronics, solar energy devices, and mechanical structures. 
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